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ABSTRACT 
The main centrifugal compressor performance criteria are 
pressure ratio, efficiency and wide flow range. The relative 
importance of these criteria, and therefore the optimum design 
balance, varies between different applications. Vaned diffusers 
are generally used for high performance applications as they can 
achieve higher efficiencies and pressure ratios, but have a 
reduced operating range, in comparison to vaneless diffusers. 
Many impeller based casing treatments have been developed to 
enlarge the operating range of centrifugal compressors over the 
last decades but there is much less information available in open 
literature for diffuser focused methods, and they are not widely 
adopted in commercial compressor stages. The development of 
aerodynamic instabilities at low mass flow rate operating 
conditions can lead to the onset of rotating stall or surge, limiting 
the stable operating range of the centrifugal compressor stage. 
More understanding of these aerodynamic instabilities has been 
established in recent years. Based on this additional knowledge, 
new casing treatments can be developed to prevent or suppress 
the development of these instabilities, thus increasing the 
compressor stability at low mass flow rates.  
This paper presents a novel vaned diffuser casing treatment 
that successfully increased the stable operating range at low mass 
flow rates and high pressure ratios. Detailed experimental 
measurements from a high pressure ratio turbocharger 
compressor stage combined with complementary CFD 
simulations were used to examine the effect of the new diffuser 
casing treatment on the compressor flow field and led to the 
improvement in overall compressor stability.  A detailed 
description of how the new casing treatment operates is 
presented within the paper. 
1 INTRODUCTION 
The impact of increasingly stringent emissions restrictions 
together with the continued trend toward higher engine power 
densities, requires advanced turbocharger compressor stages for 
diesel and gas engines. Meeting the pressure ratio requirements 
whilst simultaneously achieving both a wide operating range and 
high efficiency across the entire compressor map is a major 
challenge for compressor design engineers. Modern high 
pressure ratio stages use backswept impellers and vaned 
diffusers. However, the stable operating range decreases 
significantly at high rotational speeds and since peak efficiencies 
are typically found towards the surge limit, achieving the peak 
efficiency whilst maintaining adequate surge margin at high 
rotational speeds is difficult. 
Recent research efforts in compressors have focused on 
improving the understanding of the causes and precursors of the 
limiting aerodynamic flow instabilities, rotating stall and surge. 
The presence of short-wavelength (‘spikes’) and long-
wavelength (‘modes’) precursors prior to surge have been 
identified in both axial [1–3] and centrifugal [4–6] compressor 
stages. The existing literature also indicates that for highly 
loaded centrifugal compressor stages with vaned diffusers, the 
origin of both types of stall inception mechanisms occurs in the 
diffuser inlet (vaneless space and semi-vaneless space) region 
[5,7]. The occurrence of spikes or modes may be dependent on 
the static pressure rise in the semi-vaneless space relative to the 
overall diffuser [4]. 
Based on the diffuser inlet region being critical to the 
compressor stability, several methods to increase the stable 
operating range of centrifugal compressors have focused on 
modifying the flow in this region. Spakovszky [8] showed that 
tangential air injection (from an external source) in the direction 
of impeller rotation, on the shroud surface of the vaneless space, 
could increase the stable operating range. Other variations of 
injection into the shroud side of the vaneless space were tested 
by Skoch [9]. Injection against the direction of impeller rotation 
was found to produce a greater improvement in flow range but 
also resulted in a loss in stage pressure ratio. Interestingly, a 
technique that used tubes that protruded through the shroud 
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surface and which were sealed to prevent mass flux through the 
tubes provided better range improvement than any of the air 
injection methods and caused less loss of pressure. Skoch [9] 
concluded that the stability enhancement benefits of these 
techniques were a result of the reduction in average swirl angle 
across the span. A second study by Skoch [10] investigated hub 
side air injection in the vaneless space. These methods did not 
provide any notable improvement in stability however a small 
improvement occurred with the mere presence of the injectors, 
without any air injection. This was suggested to be partly due to 
the nozzles creating some resistance to the tangential flow in the 
vaneless space. Additionally, the manifold linking all of the 
injectors was proposed to cause a reduction in the pressure 
variation between diffuser passages, similar to the porous throat 
diffuser technique of Raw [11]. A self-regulating technique 
developed by Spakovszky and Roduner [4] recirculated air from 
the volute to the vaneless space and was injected through 8 slots 
in the shroud. This was hypothesized to increase the blockage 
and thus reduce the diffusion in the vaneless space, resulting in 
the extension of the stable operating range.  
The most successful and frequently used centrifugal 
compressor treatment is the inducer bleed slot (also known as 
‘ported shroud’ and ‘impeller recirculation device’). It is a self-
regulating casing treatment which consists of a shroud side 
circumferential slot within the impeller inducer that is connected 
to the compressor inlet using an annular cavity. Near surge, 
backflow along the compressor shroud occurs which strengthens 
as the mass flow rate is reduced and eventually causes the 
inducer to stall. As described by Chen and Lei [12], the inducer 
bleed slot recirculates this backflow from the inducer shroud 
region to the compressor inlet via the annular cavity and delays 
the onset of surge. Additionally, there is a further benefit to this 
technique near choke; some of the flow moves in the opposite 
direction through the cavity, bypassing the inducer throat and 
increasing the choke flow rate of the compressor. 
Another successful diffuser based casing treatment in the 
existing literature is the porous throat diffuser (PTD) which was 
first presented by Raw [11]. This casing treatment consisted of a 
common side cavity which connected the throats of each diffuser 
passage. A detailed description of the PTD stability enhancement 
mechanism was presented by Galloway et al. [6]. It was shown 
that the linking of the diffuser passages via a common side cavity 
reduced the circumferential non-uniformity in the diffuser 
caused by the asymmetric volute, decreasing the passage-to-
passage pressure and mass flow variations. This reduced the 
incidence angle at the critical diffuser vanes near the volute 
tongue and thus delayed spike stall inception. 
2 SCOPE OF PAPER 
The two main goals of this paper are to (1) present a novel 
self-regulating vaned diffuser casing treatment which 
successfully increases the stable operating range at low mass 
flow rates, and (2) develop a detailed description of how the new 
technique operates and increases the stability of the centrifugal 
compressor stage. The diffuser recirculation (DR) treatment 
described herein recirculates flow from the later part of the vaned 
diffuser passages to the diffuser inlet via openings on either the 
shroud or hub endwalls, which are linked by individual side 
cavities behind the shroud or hub endwalls, as shown in Fig. 1. 
The shape and size of the side cavity depicted in Fig. 1 is 
representative of the actual diffuser recirculation geometry. In a 
typical compressor stage near surge, the diffuser inlet flow near 
the shroud impinges on the pressure side (PS) of the vane 
resulting in a positive incidence angle, as shown by the velocity 
triangle (solid line) in Fig. 2. The diffuser recirculation technique 
was developed based on the concept that flow injection upstream 
of the diffuser inlet should generate aerodynamic blockage, 
reducing the effective flow area in the vaneless space region (A3) 
and therefore increasing the radial velocity of the diffuser inlet 
flow. This would improve the diffuser leading edge (LE) 
incidence, as depicted by the dashed line in Fig. 2, and therefore 
prevent the critical diffuser incidence angle (which results in 
spike stall inception) being reached until a lower mass flow rate. 
This hypothesis for the diffuser recirculation technique will be 
 
  
 
(a) 
 
 
 
(b) 
 
Fig. 1 – Sketch of shroud side diffuser recirculation 
technique: (a) meridional, (b) blade-to-blade view 
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Fig. 2 – Velocity triangles at diffuser inlet near the 
shroud without (solid) and with (dashed) flow 
recirculation 
 
considered in this paper. The location of the suction opening was 
selected to minimize flow recirculation (and therefore efficiency 
loss) at the peak efficiency operating condition. 
3 APPROACH 
Experimental measurements and complementary numerical 
simulations were used to analyse the flow physics in a highly 
loaded vaned diffuser from a turbocharger centrifugal 
compressor. The compressor had 8 impeller bladesets (main 
blades and splitter blade) that were backswept and 18 aerofoil-
shaped diffuser vanes. There was no ported shroud applied to the 
impeller in order to prevent any interaction between it and the 
DR treatments. The impeller tip speed Mach number (𝑀𝑈2, see 
Eq. 1) at design speed was 1.61, the inlet flow coefficient (𝛷, see 
Eq. 2) was 0.106 and the diffuser entrance flow was transonic at 
design speed.  
 
𝑀𝑈2 =
𝑈2
√𝛾𝑅𝑇𝑡,0
                                    (1) 
 
𝛷 =
?̇?𝑡,0
𝐷2
2𝑈2
                                        (2) 
 
3.1 Experimental measurements 
The experimental performance was measured on the SuMa 
full-scale turbocharger compressor test facility at ABB Turbo 
Systems (Baden, Switzerland) which is a closed loop compressor 
test rig. In addition to overall stage performance measurements, 
extensive arrays of static pressure tappings at impeller outlet and 
throughout the diffuser were also installed as well as 21 fast-
response Kistler pressure transducers at various locations 
through the compressor stage. The performance data was post-
processed with a proprietary meanline data reduction scheme. 
The maximum measurement errors were 1% for volume flow 
rate, 0.2% for total pressure ratio and 0.5% for efficiency. The 
experimental setup was described in more detail in reference [6]. 
The following diffuser configurations were experimentally 
tested in this study:  
 
(i) Baseline - diffuser with no casing treatment 
(ii) DRS - diffuser with recirculation treatment applied to 
the shroud 
(iii) DRH - diffuser with recirculation treatment applied to 
the hub 
(iv) DRS_100° - diffuser with recirculation applied to the 
shroud for only 5 diffuser passages near the volute 
tongue (passages 7 to 11 in Fig. 3).  
 
Both the hub and shroud side treatments used openings at 
the same streamwise and pitchwise locations within the diffuser 
passages. In the case of the porous throat diffuser casing 
treatment, Galloway et al. [6] found that the vanes with the 
highest incidence angles (which are therefore most likely to 
initiate spike stall inception) were in the region of the volute 
tongue. In the current study, a configuration with the diffuser 
recirculation treatment applied to a reduced number of diffuser 
passages near the volute tongue (DRS_100°) was tested to see if 
the stability enhancement could be achieved by only applying 
the treatment to only these passages rather than around the full 
diffuser circumference. 
3.2 Numerical models 
Two numerical models were used in order to obtain a 
detailed understanding of the compressor flow field and the 
mechanism by which the DR casing treatments improved 
compressor stability. Simulations were performed using the 
commercial CFD code ANSYS CFX v17.0. 
 
1)  Steady state simulations (SS) - The computational domain 
consisted of a single rotating impeller passage and a full 
360° vaned diffuser with a mixing plane interface at 107.5% 
𝑟2 to model the frame change, which was midway between 
the impeller outlet and the LE of the diffuser vanes. The 
outlet boundary condition was a circumferentially varying 
static pressure profile downstream of the diffuser TE at 
163% 𝑟2 which was obtained from the experimental 
measurements at this location using 16 hub side static 
pressure taps distributed around the circumference. This 
approach enabled the asymmetric pressure field produced by 
the volute to be represented at a reasonable computational 
cost, whilst still being capable of capturing the 
circumferential variations within the full diffuser. The 
convergence criteria used for these simulations were as 
follows: RMS residuals < 1e-4; total-to-total isentropic 
efficiency fluctuations <0.05%; mass flow fluctuations 
<0.01 kg/s. 
 
2)  Transient simulations (TT) - These simulations were used to 
investigate the local diffuser inlet flow field since the 
circumferential averaging of the steady state mixing plane 
interface could incur localised inaccuracies since it does not 
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correctly capture the unsteady interaction between the 
impeller blades and diffuser vanes. The computational 
domain consisted of a single rotating impeller passage and 
two vaned diffuser passages with a ‘Time Transformation’ 
(TT) interface at 107.5% 𝑟2, which was midway between the 
impeller outlet and the LE of the diffuser vanes. The TT 
interface is one of the transient blade row methods available 
in ANSYS CFX to overcome the unequal pitch in adjacent 
blade rows. The TT method is based on the time-inclining 
work of Giles [13]. This method accounts for the correct 
blade passing signals between the rotor and stator [14], 
ensuring that the pitchwise boundaries are truly periodic 
[15]. The measured circumferential pressure distribution 
that was used in the steady state case could not be applied in 
this TT method since only a sector of the circumference was 
modelled. Therefore, mass flow rate outlet boundary 
condition was used, which was obtained from the 
experimental measurements. Static pressure monitor points 
were added throughout the numerical domain. Convergence 
was achieved once the static pressure variations became 
periodic. Eighty timesteps per period and eight periods per 
operating point were simulated. A timestep study was 
conducted to ensure that the simulations were independent 
of timestep. 
 
The following features were common for both types of 
simulation. The inlet and impeller domains (total of 1 million 
elements) were meshed using TurboGrid to create structured 
hexahedral grids. The main diffuser passages (0.5 million 
elements for each passage) were modelled with a structured grid 
created in ICEM CFD. The side cavities for the DR treatments 
(0.17 million elements for each cavity) were unstructured grids 
generated using ANSYS Meshing, and GGI interfaces were used 
between the main diffuser passages and the DR side cavities. A 
grid convergence study was conducted to ensure that the 
simulation predictions were independent of grid refinement. All 
wall boundary conditions were modelled as being no-slip and 
adiabatic. The Shear Stress Transport turbulence model with 
reattachment modification (SST+RM) was used due to the better 
flow field predictions near stall compared to the standard SST  
 
Fig. 3 – Passage and vane labelling system 
model and other commonly used turbulence models [16]. Inlet 
boundary conditions were specified as total temperature and total 
pressure with an axial flow direction (i.e. normal to the stage 
inlet plane). Figure 3 shows the passage and vane numbering 
system used for all subsequent Figures in this paper. The angle 
(𝜃) corresponds to a given flow passage so all instrumentation 
points along the same passage are referred to as being at the same 
circumferential angle. The volute tongue is located at 180° 
(which corresponds to passage 10, with vanes 10 and 11 
bordering this passage). 
4 COMPRESSOR PERFORMANCE 
The experimental results for each of the diffuser 
configurations tested are shown in Fig. 4. The configuration with 
the diffuser recirculation applied to the shroud (DRS) was found 
to improve the compressor operating range significantly in the 
range between the 80% and 90% speedlines. There was also 
significant improvement at the 100% speedline (operating 
condition S2) where the stable operating flow range between 
surge and choke increased by 58% over the baseline case, 
calculated using Eq. 3: 
 
 
Fig. 4 – Effect of diffuser recirculation on compressor 
performance and stability 
Baseline 
DRS 
DRH 
DRS_100° 
80% 
90% 
95% 
100% S1 
S2 
58% 
0.5 
0.5 
2% 
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Increase in range =  
?̇?𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑚𝑖𝑛 − ?̇?𝐷𝑅𝑆,𝑚𝑖𝑛
(?̇?𝑚𝑎𝑥 − ?̇?𝑚𝑖𝑛)𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
         (3) 
 
The region between 80% and 90% speed represents a kink 
in the surge line and is associated with the intersection between 
the stall lines of the diffuser and inducer. Both the impeller and 
vaned diffuser are therefore close to their stability limits in this 
region and stabilising either component is likely to have a 
beneficial effect in this region of the compressor map. Previous 
observations of this compressor stage showed that employing a 
ported shroud to stabilize the inducer or using a porous throat 
treatment to stabilize the diffuser [6] could successfully improve 
the stability of the overall stage in this range of speeds.   
The DRS treatment resulted in no measurable reduction in 
efficiency at both design and off-design conditions (maximum 
error in efficiency measurement = 0.5%) whilst the DRH resulted 
in a reduction in efficiency of ~0.5% at 100% speed. In contrast, 
when the shroud side recirculation treatment was only applied to 
five passages from 7 to 11 (i.e. DRS_100°), there was no 
improvement in the stable operating range at any speed except at 
the 100% speedline where a 17% increase in range was achieved. 
This showed that the treatment must be applied to the full 
diffuser in order to achieve the full stability enhancement 
benefits. When the diffuser recirculation treatment was applied 
to the hub (DRH) there was less of an increase in operating range 
between 80% and 90% speed than for the DRS case, and there 
was a slight loss in total-to-total pressure ratio at the higher 
speedlines. Strikingly, none of the diffuser recirculation 
configurations showed any significant increase in stability at 
90% and 95% speeds. This is very similar to what was observed 
for the porous throat diffuser treatment investigated in [6], which 
also showed no stability enhancement at 90% speed but did show 
a significant improvement at lower and higher speeds. This 
indicates that the impeller is the stability limiting component at 
the 90% speed whereas the vaned diffuser is the limiting 
component at the other operating speeds. 
4.1 Stall inception behaviour 
Using the fast-response pressure transducers described in 
Section 3.1 along with the shaft speed sensor, unsteady 
measurements were recorded during slow throttle ramps into 
surge at constant corrected speed. For each corrected speed, at 
least 3 surge cycles were measured to ensure repeatability of the 
observed phenomena. Figure 5 shows the unsteady pressure 
measurements from the baseline and DRS configurations during 
the stall inception phase at the 100% speed operating condition 
S2. The pressure transducers were circumferentially located on 
the shroud wall in the vaneless space (VLS) at the same radius 
for both configurations. Each of the VLS pressure transducers 
were at the same pitch-wise location relative to the adjacent 
diffuser vanes. (Note: 9 pressure transducers were installed in the 
VLS for the baseline case but only 8 transducers were installed 
in the DRS configuration). It is important to note that the baseline 
and DRS cases presented in Fig. 5 correspond to different flow 
rates because the DRS case surged at a lower flow rate than the 
baseline case. The stall inception phase is clearly very similar for 
both cases; a ‘spike’ in the unsteady pressure traces first appeared 
at 0 revs and then rotated around the circumference in the 
direction of impeller rotation, at 50% of rotor speed (N). Since 
not every diffuser passage was instrumented with fast-response 
pressure transducers, and the size of the spike may have initially 
been small and of the same magnitude as the signal noise, it is 
possible that the earliest and slower moving stages of the spike 
formation may not be apparent in Fig. 5. Following this spike 
four rotating stall cells were triggered which rotated at 
approximately 9% of rotor speed.  
Figure 6 shows the streamwise pressure history through the 
baseline compressor stage during stall inception and surge. This 
is presented to show the difference in the pre-stall behavior  
 
 
(a) Baseline                (b) DRS 
Fig. 5 - Unsteady pressure traces in the vaneless space at S2: baseline (left) and DRS (right) 
0.5 (𝑝𝑡 − 𝑝)2 
9% N 9% N 
0.5(𝑝𝑡 − 𝑝)2 
360° 
0° 
50% N 50% N 
Spike 
Spike 
180° (VT) 
 6  
 
    (a) 100% speed                 (b) 90% speed 
Fig. 6 – Streamwise unsteady pressure traces for baseline configuration: 100% speed (left) and 90% (right) 
 
between the 100% and 90% speeds. It was previously noted that 
the diffuser recirculation treatment was very effective in 
improving stability at 100% speed, but had no effect at 90% 
speed. Firstly, considering the 90% speed, long-length-scale 
modal waves are clearly apparent, particularly in the diffuser 
throat pressure trace prior to the surge at 0 revs. In the presence 
of modal oscillations, the DRS treatment had no stabilizing 
effect. However, the modal oscillations are not present for the 
100% speed, confirming that the stall mechanism at 100% was 
due to spikes from diffuser incidence rather than the oscillating 
modes leading to surge at 90% speed. Since the DRS treatment 
was effective at 100% it follows that the primary mechanism of 
stability improvement is by suppressing the occurrence of spike 
stall due to incidence in the diffuser.  
Although not presented here, the same patterns were found 
for the DRH configuration. Therefore, spike stall inception was 
responsible for the onset of surge in both the DRS and DRH 
configurations, but it was suppressed until a lower flow rate than 
for the baseline case. Everitt and Spakovszky [5] stated that spike  
formation was linked to separation at the diffuser vane leading 
edge caused by high incidence near the shroud endwall. 
Therefore, the influence of the DR treatments on diffuser 
incidence is an important consideration and will be discussed 
later in this paper. 
4.2 Diffuser sub-component performance 
In order to analyse the performance of the diffuser sub-
components, one diffuser passage was highly instrumented with 
static pressure taps on the hub endwall as depicted in Fig. 7. 
Passage 3 (see Fig. 3) was selected to represent the average 
diffuser performance as it was away from the influence of the 
volute tongue. The streamwise meridional location of the static 
pressure taps is listed in Fig. 7 where 0% corresponds to the 
diffuser LE and 100% to the diffuser TE. Meridional locations 1, 
4, 7 and 10 each comprised multiple static pressure tappings. The 
diffuser passage was divided into different sub-components: 
VLS, SVLS, inlet (which is comprised of both the VLS and 
SVLS regions) and channel. The sub-component analysis of 
Passage 3 is shown in Fig. 8. The pressure rise in each sub-
component was plotted using the non-dimensional pressure rise 
coefficient defined in Eq. 4, where 𝛥𝑝 is the static pressure rise 
in the sub-component: 
𝐷𝑝 =
𝛥𝑝
𝜌𝑡,0𝑈2
2                                         (4) 
 
 
Fig. 7 - Steady pressure taps through the diffuser 
passage and the sub-component regions  
Modal waves 
Diff outlet 
Diff throat 
VLS 
Diff outlet 
Diff throat 
VLS 
0.5 (𝑝𝑡 − 𝑝)2 
0.5 (𝑝𝑡 − 𝑝)2 
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Fig. 8 – Diffuser sub-component analysis for baseline 
and DRS configurations at 100% speed 
 
The DRS data extends to lower mass flow rates because of 
its improved stability and lower surge mass flow rate. Both 
diffuser configurations show an almost identical overall static 
pressure rise trend. According to Greizter’s dynamic instability 
criterion [17], destabilizing components have positively sloped 
pressure rise characteristics whilst stabilizing components have 
negatively sloped characteristics. First considering the baseline 
diffuser, Fig. 8 shows that the diffuser channel is destabilizing 
across the operating range. However, it is actually the SVLS 
region which governs the stability of the diffuser as its slope 
changes from very negatively sloped near choke (strongly 
stabilizing) to a much shallower slope near surge (less 
stabilizing). Comparing the baseline and DRS configurations, 
the slope of the SVLS trend becomes positive before surge and 
the VLS trends becomes negative for the DRS case. However, 
when these sub-components are combined and considered as one 
inlet region, there a negligible change in the slope of the trend. 
Overall there is an increase in static pressure rise within the VLS 
and complementary decrease in the static pressure rise within the 
semi-vaneless space (SVLS). This pattern was also observed in 
the porous throat diffuser casing treatment for the same diffuser 
passage in reference [6]. This shows that it is the relative 
diffusion between the VLS and SVLS that is the dominant effect 
in increasing stability rather than the change of the pressure rise 
slope for either sub-component. 
4.3 Diffuser leading-edge loading 
In order to capture the diffuser vane loading experimentally, 
a static pressure tap was applied to each of the pressure side and 
suction side of several diffuser vanes at the leading edge. The  
measured pressure difference was used to calculate a loading 
parameter using Eq. 5, as used by Skoch [10]: 
 
Loading parameter =  
𝑝𝑃𝑆 − 𝑝𝑆𝑆
𝜌𝑡,0𝑈2
                    (5) 
 
The pressure taps were applied to the shroud side of vanes 10, 11 
and 12. The pressure taps were applied to the shroud side of the 
vane LE because the flow separation that was shown to lead to 
spike stall inception in centrifugal compressors by Everitt and 
Spakovszky [5] was due to high incidence of the diffuser inlet 
flow at the shroud. Figure 9 shows the loading parameters for 
80% and 100% speed, with the baseline configuration plotted as 
a solid line and the DRS as a dashed line. The circumferential 
variation in loading parameter between different vanes is 
apparent, with diffuser loading increasing with proximity to the  
(a) 80% speed                                    (b) 100% speed 
Fig. 9 – Loading parameter for baseline and DRS at 80% speed (left) and 100% speed (right) 
0.1 
0.1 
Baseline 
DRS 
 
0.2 0.2 
Baseline 
DRS 
 
Baseline 
DRS 
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volute tongue (from vane 10 to vane 12). The loading parameter 
also increases towards low mass flow rates as the flow becomes 
more tangential and impinges on the vane pressure side. The 
effect of the DRS treatment was to reduce the maximum loading 
value for a given flow rate, but the maximum loading value at 
surge for both rotational speeds is very similar for both cases 
(and the maximum loading therefore occurs at a lower flow rate 
in the DRS configuration). For example, at 80% speed the 
maximum loading parameter at the lowest flow rate is about 0.49 
for both diffusers and at 100% speed it is about 0.66. It is also 
notable that vane 12 has the highest loading for the baseline case 
at both speeds but it is affected by the DRS treatment more than 
the other vanes. Consequently, vane 11 has the highest loading 
for the DRS case at both speeds. 
The results of the experimental measurements can be 
summarized as follows: 
• Spike stall inception preceded the onset of surge in both 
the baseline and DRS cases at 100% speed. 
• The division of static pressure rise between the VLS 
and SVLS was altered by DRS. 
• DRS reduced the loading at a given flow rate but the 
maximum loading parameter at the surge limit 
remained constant for the two configurations. 
5 NUMERICAL MODEL VALIDATION 
Plots of total-to-static pressure ratio and efficiency from the 
experimental and numerical results at 100% speed are shown in 
Fig. 10. Numerical results from both the steady and the unsteady 
simulations are shown in Fig. 10. Total-to-static pressure ratio  
was used due to the availability of static pressure measurements 
at the outlet radius of the diffuser for the baseline and DRS cases. 
The static pressure was taken at the same place in the numerical 
models, which allowed direct comparison of the measured and 
predicted performance. The static pressure taps at the diffuser 
outlet were not available in the DRH configuration and this is 
why the experimental DRH (solid green line) is not plotted in 
Fig. 10. For the SS model the compressor stage was modelled at 
five specific operating points within the stable operating range 
of the experimental measurements. The outlet boundary 
condition for the SS simulations used the experimentally 
measured static pressure distribution around the full diffuser 
outlet. Therefore, unlike a typical SS model, it was not possible 
to arbitrarily vary the mass flow boundary condition imposed at 
the outlet in order to reach the limit of convergence on the surge 
side of the characteristic. Consequently, the SS simulation 
method was not used to determine if there had been any 
improvement in the surge mass flow rate between the baseline 
and the DR cases. The five SS points were designated from SS1 
(near choke) to SS5 (near surge). The simulations were 
compared at approximately the same mass flow rate rather than 
at their individual stability limits in order to identify differences 
in the flow field at the same operating condition.  
Figure 11 shows the circumferential static pressure trend at 
the diffuser inlet of the baseline configuration from the 
experimental and numerical results at the same average outlet  
 
Fig. 10 - Total-to-static PR and efficiency for the 
baseline, DRS and DRH configurations at 100% speed  
 
static pressure at 100% speed (SS3 in Fig. 10). The static 
pressures have been non-dimensionalised using Eq. 6: 
𝑝 =
𝑝
𝜌𝑡,0𝑈2
2                                         (6) 
 
Figure 11 shows that the non-uniform diffuser inlet pressure 
distribution is well captured by the full 360° diffuser in the SS 
simulation by applying the measured circumferentially non-
uniform pressure boundary condition at diffuser outlet. This 
demonstrates validation of the CFD model in the diffuser inlet 
region that is of particular importance here. The reduced 
amplitude of the pressure variation may be attributed to the 
circumferential-averaging effect of the mixing plane interface 
between the impeller and diffuser domains. 
The SS CFD predicted loading parameters for vanes 10, 11 
and 12 are plotted in Fig. 12 for both the DRS and baseline 
configurations at 100% speed. Comparing this to the 
experimentally measured loading in Fig. 9, it is clear that both 
the circumferential trend (i.e. increased loading towards the 
volute tongue region, going from vane 10 to vane 12) and the 
increased loading towards low mass flow rates is well captured 
by the simulations. However, there is some disparity between the 
absolute values of the loading from the simulations and the 
measurements. The effect of DRS compared with the baseline 
case (i.e. a reduction in loading for a given flow rate) is also 
correctly captured by the simulations. 
 
  Exp      SS       TT 
  Baseline 
  DRS
  DRH 
2% 
0.5 
TT6 
SS3 
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Fig. 11 – Diffuser inlet static pressure trend at SS3 
 
 
Fig. 12 – SS CFD loading parameters for baseline and 
DRS at 100% speed 
 
The TT simulations were performed at six operating 
conditions (TT1 to TT6) concentrated towards the low flow rate 
operating conditions. For these simulations the minimum flow 
rate point was determined when there was a significant and 
abrupt drop in the total-static pressure ratio characteristic. The 
TT simulations were not used to evaluate improvements in flow 
range and stability for the DR cases since the method did not 
account for the circumferential asymmetry that would occur in 
the real machine due to the volute. Consequently, it could not 
capture the changes in incidence on the specific critical diffuser 
vanes near the tongue that would contribute to spike stall 
inception. In order to accurately capture the stability limit a full 
stage model would be necessary and this is not the purpose of the 
current simulations because the experimental measurements 
were able to establish the stability limits and any improvements 
due to the DR treatments. The purpose of the simulations was to 
capture the effect of the DR treatments on the local diffuser flow 
field (as described later in Section 6.2). 
Figure 13 shows a comparison of the streamwise pressure 
rise through the baseline diffuser for the two CFD models and 
the experimental measurements at the same mid-map operating 
condition (i.e. same volumetric flow rate). The experimental 
values were obtained using the static pressure taps on the hub 
endwall as shown in Fig. 7 and the values were non-
dimensionalised using Eq. 6. The static pressure values in the 
CFD models were obtained at the same location as the 
experimental measurements. As depicted in Fig. 13, the TT 
model more accurately captures the static pressure trend, 
particularly at location 4 where the SS model over predicts the 
pressure. This illustrates that the TT model more accurately 
captured the local diffuser inlet flow field than the SS model and 
is therefore used for detailed diffuser LE flow field analysis in 
Section 6.2. 
 
 
Fig. 13 – Comparison of streamwise pressure rise 
through the diffuser  
 
6 EFFECT OF DIFFUSER RECIRCULATION ON 
DIFFUSER FLOW FIELD 
6.1 Circumferential pressure variations 
Since the DRS_100° configuration was less successful in 
increasing the stable operating range compared to the DRS 
configuration, it was apparent that the treatment must be applied 
to the full diffuser circumference in order to achieve the stability 
enhancement benefits. In order to check if there was any effect 
on the circumferential static pressure variations, static pressure 
distributions were experimentally measured around the impeller 
exit (100% 𝑟2) on the shroud side, diffuser inlet (115% 𝑟2), 
diffuser throat (122% 𝑟2) and diffuser exit (163% 𝑟2); the last 
three sets were all located on the hub side. A total of 11 pressure 
taps were installed at each of the impeller exit and diffuser inlet 
0.05 
Baseline 
DRS 
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radii, 8 at the diffuser throat locations, and 16 at the diffuser exit. 
The impeller exit, diffuser inlet and diffuser throat pressure taps 
were installed along the mid-pitch streamline of each diffuser 
passage to ensure the diffuser blade-to-blade variations did not 
distort the measurements. Figure 14 shows the measured 
circumferential variation in static pressure at the operating point 
S1 (shown on the compressor performance map in Fig. 4) for the 
baseline and DRS configurations. The last stable operating point 
before surge is plotted for each configuration. The static 
pressures were non-dimensionalised using Eq. 6.  
Figure 14 demonstrates that the DRS treatment has slightly 
reduced the magnitude of the circumferential pressure variations 
at the impeller exit and diffuser inlet. It therefore appears that the 
DRS treatment has a minor circumferential balancing effect 
similar to the porous throat diffuser in reference [6], however the 
effect is much less than seen in the porous throat diffuser. The 
recirculated mass flow through each DRS and DRH side cavity 
in the SS simulations are plotted in Fig. 15. For both 
configurations, the amount of flow recirculation (relative to the 
total compressor mass flow rate) increased from choke (SS1) to 
surge (SS5). This passive effect helped to minimize any losses 
associated with the flow recirculation away from the stability 
limit and maintained the peak efficiency of the compressor stage. 
Both configurations also show some circumferential variation in 
recirculated mass flow rate which is a result of the non-
circumferentially uniform diffuser flow field caused by the 
volute. This variation in recirculation flow rate contributed to the 
more uniform measured static pressure distribution that was 
noted in Fig. 14, with locations of increased recirculation flow 
rate around 80° and 200° corresponding to locations of most 
notable reduction in pressure variation. 
Comparing the two DR treatments in Fig. 15, the DRS case 
has a higher recirculated mass flow rate than the DRH case at 
each operating condition. This is due to a larger pressure 
difference between the locations of the suction and injection 
openings on the shroud endwall than the hub (which was 
identified in the baseline CFD model). This larger recirculation 
mass flow rate may contribute to the greater stability 
improvement achieved by the DRS compared to DRH case. 
However, the other significant factor is the modification of the 
flow field due to the injected flow since the flow field is not 
symmetrical between the hub and shroud sides. This will be 
considered in Section 6.2. 
 
 
Fig. 14 – Experimental circumferential pressure 
variations at S1 
 
 
    (a) DRS                    (b) DRH 
Fig. 15 - Recirculated mass flow through each DRS (left) and DRH (right) side cavity at 100% speed 
Baseline 
DRS 
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(a) Baseline 
 
(b) DRS 
 
(c) DRH 
Fig. 16 – Mach number contours and velocity vectors 
at 95% span for TT6. Inset: vane LE with stagnation 
streamline indicated. 
 
6.2 Diffuser leading edge flow field 
The streamwise effect of recirculating flow from 
downstream of the diffuser throat back to the diffuser inlet region 
was investigated in more detail using the TT CFD model. 
Contours of Mach number and velocity vectors at a span of 0.95 
(close to the shroud side) are depicted in Fig. 16 for each diffuser 
configuration at TT6. The baseline configuration in (a) shows the 
stagnation streamline impinging towards the PS of the LE of the 
vane because the flow was in a more tangential direction at this 
near surge condition. As a result, the flow accelerated around the 
vane LE as shown in the inset of Fig. 16(a). 
When comparing the effect of the DRS and DRH treatments 
to the baseline diffuser, there is substantial difference in the 
impact of the two treatments even though both produce a 
beneficial effect in terms of compressor stability. The DRS case 
in Fig.16(b) shows that the stagnation streamline has moved 
further downstream of the vane LE along the vane PS, suggesting 
that the flow incidence increased near the shroud. However, it 
should be noted that the Mach number of the approaching flow 
at the LE is significantly lower for the DRS case and that there 
is less flow acceleration around the vane LE, as indicated by the 
green contours in Fig.16(b) compared to the yellow and red 
contours in Fig. 16(a). By contrast, the DRH configuration in 
Fig. 16(c) shows that the stagnation streamline has moved 
further upstream due to a reduction in diffuser incidence. This 
improved incidence reduces the amount of flow acceleration 
around the vane LE, even though the overall Mach number of the 
approaching flow field is higher than for the baseline case, since 
the flow is better aligned with the vane camber line.  
In order to investigate the changes in diffuser incidence 
indicated by the velocity vectors in Fig. 16, the incidence 
distribution  along the span of the diffuser vane (evaluated a short 
distance upstream of the diffuser LE) is shown in Fig. 17. The 
spanwise incidence plot confirms the observations from Fig. 16 
that the DRS case increased the incidence near the shroud, 
whereas DRH produced a decrease in incidence at the same 
location. It is logical that the reduction in diffuser incidence 
produced by the DRH configuration would result in an increase 
in compressor stability since the critical incidence angle to  
Fig. 17 – Spanwise variation in diffuser LE incidence 
at TT6 
PS 
SS 
PS 
SS 
DRH – 
reduced 
incidence near 
shroud 
DRS – 
increased 
incidence near 
shroud 
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Fig. 18 – Spanwise variation in diffuser LE Mach 
number at TT6 
 
generate spikes and subsequent stall would not be reached until 
a lower mass flow rate. This is consistent with the earlier 
discussion of Fig. 5 which determined that compressor instability 
was initiated by the formation of incidence related spikes in the 
diffuser at the 100% speed. The flow field information presented 
in Figs. 16 and 17 demonstrate the existence of high incidence 
and separation near the shroud of the diffuser vane combined 
with locally reversed radial flow and recirculation around the 
vaneless space, which are the criteria proposed for spike stall 
inception in vaned diffusers in reference [5]. 
The reason for the significant stability enhancement 
produced by DRS is less obvious since it actually increased the 
incidence angle near the shroud. To help understand this, the 
spanwise variation of diffuser LE Mach number is shown in Fig. 
18. The plot shows a significant reduction of Mach number near 
the shroud for the DRS case by comparison with the baseline. 
(While the data in Figs. 17 and 18 were taken from the TT model, 
it is noted that the SS CFD model also predicted very similar 
trends for the effect of the DR treatments on spanwise incidence 
and Mach number at the diffuser LE). Japikse [18] and Dixon 
and Hall [19] show that the critical incidence at which flow 
separation occurs in an impeller inducer and a compressor 
cascade reduces with increasing Mach number. The incidence 
and Mach number at the LE of each diffuser vane at TT6 is 
plotted in Fig. 19 at 90% span. This is consistent with the trend 
of increased tolerance to incidence at lower Mach number in the 
existing literature and explains the improved stability of the DRS 
case even though the incidence angle is higher; as the Mach 
number near the shroud is reduced, the critical incidence angle 
at which separation occurs is increased. A value to the upper right 
of the dashed trend line in Fig. 19, such as the baseline case, is 
more critical and less stable than a value to the lower left of the 
dashed line.  
In order to illustrate the cause of the reduction in Mach 
number at the diffuser inlet, the distribution of mass flow rate 
was examined. A variable ?̆? which comprises the local density 
multiplied by the local radial velocity component (i.e. mass flow 
rate per unit area) and non-dimensionalised with the mean 
baseline value was used to indicate the local mass flow rate into 
the diffuser passage, as shown in Eq. 7: 
 
?̆? =
𝜌𝑉𝑟
[𝜌𝑉𝑟]𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒_𝑚𝑒𝑎𝑛
 . 100 [%]               (7) 
 
In Fig. 20, two plots are presented at diffuser inlet which 
show the change in the value of this variable for the DRS and 
DRH configurations relative of the mass flow distribution for the 
baseline case. For the DRS case plotted in Fig. 20(a), the mass 
flow rate is shown to significantly reduce at the PS of the vane 
near the shroud due to the interaction of the shroud side flow  
 
Fig. 19 – Incidence and Mach number at the LE (span 
0.9) of each diffuser vane at TT6 
 
injection with the mainstream flow which generates an area of 
low momentum flow. As the flow area has been effectively 
reduced due to this ‘aerodynamic blockage’ near the shroud, 
there is a corresponding increase in the mass flow rate at lower 
spans to maintain the same total passage mass flow rate. This 
contributed to the reduction in incidence below 70% span for the 
DRS case in Fig. 17. In contrast, the DRH case plotted in (b) 
shows that there is a significant increase the mass flow towards 
the shroud as a result of the flow injection and consequent 
blockage at the hub side of the diffuser passage. The flow is 
therefore concentrated towards the shroud side of the diffuser 
passage, which results in the increased Mach number and 
reduced incidence angle in this region. This aerodynamic 
blockage acted like a geometric pinch on the hub side, reducing 
the incidence angle that would otherwise contribute to spike 
formation. The advantage of the recirculation over a geometric 
pinch is that the injected flow rate and the associated blockage 
DRS –  
reduced  
Mach No  
near shroud 
DRH – increased  
Mach No near 
shroud 
More critical 
incidence, 
less stable 
Less critical 
incidence, 
more stable 
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(a) DRS – Baseline           (b) DRH - Baseline 
Fig. 20 – Change in diffuser mass flow per unit area (?̆?) for DR treatments at TT6 
 
 
(a) DRS            (b) DRH  
Fig. 21 – Stability enhancement mechanism of DR treatments 
 
was passively reduced at the mid-map and choke regions, as 
shown in Fig. 15. 
Figure 12 showed a reduction in the measured values of 
loading at the shroud side of the diffuser LE when DRS was 
applied. This initially appears inconsistent with the increase in 
incidence angle near the shroud for the DRS case shown in Fig. 
17. However, the pressure loading across the vane is dependent 
upon the flow Mach number as well as the incidence angle. The 
significant reduction in local mass flow rate near the shroud in 
Fig. 20(a) corresponds to a reduction in Mach number and shows 
why it is possible for the vane loading parameter to decrease due 
to the low momentum flow even though the incidence angle is 
increased. This means that using loading as an indicator of 
incidence (which has been done in the existing literature, e.g. 
[10]) is only applicable when the local mass flow rate and 
momentum in the region of comparison have not been 
considerably altered. 
 
7 CONCLUSIONS 
Both the diffuser recirculation treatments (DRS and DRH) 
significantly improved compressor stability and consequently 
increased the stable flow range. The DRS was the most  
successful and increased the stable operating range of the 
compressor by up to 58% at high pressure ratios. The DRS_100° 
configuration (shroud side recirculation applied to only five 
diffuser passages near the volute tongue) produced less stability 
enhancement than the DRS configuration. This proved that in 
order to achieve the full benefit of diffuser recirculation, the 
treatment must be applied to the full circumference. 
Through the knowledge gained from the experimental 
measurements and numerical simulations, it is proposed that the 
stability enhancement of this compressor stage when using the 
diffuser recirculation casing treatments are a result of the 
following mechanisms, illustrated in Fig. 21. 
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DRS (shroud side diffuser recirculation) 
• Flow injection upstream of the diffuser LE creates 
aerodynamic blockage at the shroud side of the diffuser 
passage and diverts flow towards the hub. 
• Mass flow is reduced at the PS of the diffuser vane near the 
shroud due to the recirculation of low momentum flow from 
downstream of the diffuser throat. 
• The critical diffuser LE incidence angle near the shroud is 
increased due to the reduction in flow velocity in this region. 
As a result, the flow remains attached to the vane SS and flow 
separation is delayed until lower mass flow rates. 
 
DRH (hub side diffuser recirculation) 
• Flow injection upstream of the diffuser LE creates 
aerodynamic blockage at the hub side of the diffuser passage 
and diverts flow towards the shroud. 
• The aerodynamic blockage at the hub effectively reduces the 
flow area at the diffuser inlet and results in an increase in the 
radial velocity component of the flow towards the shroud. 
• Increasing the radial velocity reduces the diffuser incidence 
of the flow at the shroud side of the diffuser passage. The 
critical incidence angle at which flow separation occurs is 
therefore delayed until lower mass flow rates. 
 
ACKNOWLEDGMENTS 
This research was funded by and the experimental testing 
was conducted by ABB Turbo Systems Ltd., which is gratefully 
acknowledged. The authors would like to thank H. Küpfer and 
Dr. G. Fitzky for conducting the compressor testing; and, H.-P. 
Michel and D. Wenzinger for assembling the test rig. The authors 
would also like to extend their thanks to ANSYS Inc. for the use 
of their CFD software in this research. 
NOMENCLATURE 
𝐴  Geometric flow area  
𝐷𝑝  Non-dimensional pressure rise coefficient 
𝐷2  Diameter at impeller outlet 
𝐿𝐸  Leading edge  
?̆?  Mass flow per unit area, 𝜌𝑉𝑟
[𝜌𝑉𝑟]𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒_𝑚𝑒𝑎𝑛
 . 100 [%] 
𝑀𝑈2 Impeller tip speed Mach number 
𝑁  Rotor speed 
𝑝  Pressure 
𝑝  Non-dimensional static pressure 
𝑃𝑅  Pressure ratio 
𝑃𝑆  Pressure side 
 
𝑟  Radius 
𝑅  Gas constant 
𝑇  Temperature 
𝑇𝐸  Trailing edge 
𝑆𝑆  Suction side 
𝑈2  Blade speed at impeller outlet 
𝑉  Velocity 
?̇?  Volumetric flow rate 
𝛾  Ratio of specific heats 
𝛥   Change in 
𝜂  Isentropic efficiency  
𝜌  Density 
𝛷  Flow coefficient 
Subscripts 
 
𝑃𝑆  Pressure side 
𝑆𝑆  Suction side 
𝑟  Radial 
𝑡  Total 
𝑡𝑠  Total-to-static 
𝑡𝑡  Total-to-total 
0  Compressor inlet 
2  Impeller exit 
3  Vaneless space 
𝑚𝑎𝑥 Maximum 
𝑚𝑖𝑛 Minimum 
 
Abbreviations 
 
DR  Diffuser recirculation 
DRH Diffuser with hub recirculation 
DRS Diffuser with shroud recirculation 
DRS_100° DRS recirculation for 100° of circumference 
OP  Operating point 
PTD Porous throat diffuser 
SVLS Semi-vaneless space 
VLS Vaneless space 
VT  Volute tongue 
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